introduction
The fuel cell is a type of power supply for electric devices, in which the energy of an electrochemical reaction is transformed into electric current. The alkali ions (Na + , K + and NH4 + ) present in water degrade the membrane conductivity of fuel cells, which causes a loss of energy conversion efficiency. It is therefore very important to control alkali ions in the liquid of fuel cells. The detection method should meet the following requirements: low limit of detection (~10 μg/L), high selectivity, quick response time (<1 min), small sample volumes (~20 μL) and application in flow-through systems.
The last three characteristics call for microchip integration and microfabrication. At present, there are two types of analysis in wide use to detect alkali ions in water: ion chromatography with conductivity detection 1 and ionophore-based ion-selective potentiometric and optical sensors. 2 High-performance ion chromatography demonstrates excellent alkali ion analysis results at trace levels in pure water; 3, 4 however, the necessary sample volume and lengthy separation time are still problematic. Recent progress in the development of potentiometric sensors may be a solution for trace-level analytical problems. 5 Nevertheless, ion selective electrodes (ISEs) based on ionophores that are immobilized in a polymeric membrane are subject to transmembrane ion fluxes and short lifetimes, which make the next microfabriation difficult. However, miniature polymeric membrane potentiometric sensors with solid inner contacts were recently developed. 6 This type of sensor has shown excellent results in heavy metal analysis; 7, 8 however for alkali ions, the limits of detection (LODs) have remained at relatively high levels. Monolithic capillaries have recently been used as matrixes of ISE membranes, and the resulting ISEs have demonstrated lower detection limits, high selectivity, and short response times. 9 The goal of this work is to create microsensors for microchip potentiometric detection of Na + , K + and NH4 + ions. We miniaturized the ISEs, using a monolithic capillary-based membrane, and integrated the microelectrodes into a microchip.
Experimental

Reagents and chemicals
The Na + ionophore X (4-tert-butylcalix [4] arene-tetraacetic acid tetraethylester), the NH4 + ionophore nonactin, sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB), potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (KTFPB), and 2-nitrophenyl octyl ether (o-NPOE) were purchased from Fluka AG (Switzerland). The K + ionophore valinomycin Streptomyces fulvissimus, acetonitrile, and divinylbenzen were obtained from Merck KGaA (Germany). The salts NaCl, KCl, NH4Cl, and lithium acetate (LiAc), and chemicals for the preparation of monolithic capillaries (methanol, tetrahydrofuran (THF), dimethylformamide, methylene chloride, styrene, azobisisobutyronitrile, and decanol) were obtained from Wako Pure Chemical Industries, Ltd. (Japan). 3-(Trimethoxysilyl)-propyl methacrylate was obtained from Aldrich (USA). An amorphous perfluoro-polymer, CTX 809 AP2 (CYTOP) was purchased from Asahi Glass Co. (Japan). Aqueous solutions were prepared with fresh deionized water (18 MΩ cm).
Monolithic capillaries were prepared according to a published procedure. 10 Briefly, ~1 m long polyimide-coated fused-silica capillary tubing of 450-μm o.d. and 320-μm i.d. was extensively washed with water, NaOH and acetone. The capillary wall was then silanized with 3-(trimethoxysilyl)-propyl methacrylate in order to ensure the immobilization of the monolith, and filled This paper reports on the development of a micro-potentiometric sensor based on external microelectrodes introduced into a microchip. We miniaturized reference and ion-selective electrodes (ISEs) and embedded them into a plastic (PDMS) microchip; the miniaturization of ISE was attained by using a monolithic capillary-based membrane. This sensor was applied to the detection of alkali ions (Na + .0 wt%), NaTFPB (11.28 mmol kg -1 , 1.0 wt%), and o-NPOE (94.0 wt%). The membrane components (0.3 g of total mass) were dissolved in THF (1.5 mL) for ~1 h, and the solvent was evaporated under a vacuum. A syringe and a microsyringe pump (withdrawal mode) were used to fill the monolithic capillary with a membrane cocktail that contained a little THF. After evaporation of the solvent, a microscope was used to cut the monolithic capillary into 5 mm pieces.
Apparatuses
Electrodes. Reference electrode: The idea to construct a micro-reference electrode from a fused-silica capillary filled with KCl with Ag micro-wire immersed in it had not been new; this type of electrode was previously been reported. 11 However, the structure of the electrode we used was slightly different. A reference micro-electrode was assembled from a fused-silica capillary (450-μm o.d. and 320-μm i.d.), Teflon tubes (0.6-mm o.d. and 0.4-mm i.d.) and Ag micro-wire (100 μm diameter) (Fig. 1) . The structure of the electrode was identical to that of a conventional Ag/AgCl reference electrode. The Ag wire with electrochemically deposited AgCl (3.0 V battery, Pt-electrode on a cathode, 0.1 M HCl) was placed in a fused-silica capillary filled with a 3.3 M KCl solution; a second capillary, containing 1 M LiAc solution, was connected to the first through a Teflon tube. The two inner solutions were separated by diaphragms formed from comminuted molecular sieves packed onto the ends of the silica capillaries. The electrode tip diameter was 0.45 mm. The workability of the micro-reference Ag/AgCl electrode was proven by measuring the reduction of Fe 3+ to Fe 2+ at the Pt-electrode. Before beginning any potentiometric measurements, the potential of the reference electrode was established using a standard solution of Fe Ion-selective electrode: A monolithic capillary-based micro-ISE was assembled using an internal micro-reference Ag/AgCl electrode connected to a monolithic capillary through a Teflon tube filled with an inner solution of the target ion dissolved in a 0.1 M LiAc aqueous solution (for Na + , K + and NH4 + ISEs, the concentrations were 1 × 10 -3 , 0.1 and 0.1 M of NaCl, KCl and NH4Cl solutions, respectively). The composition of the inner solution was determined in preliminary experiments with conventional electrodes.
A schema of the ISE microelectrode is shown in Fig. 1 . After assembly, the electrodes (ISEs coupled with reference) were conditioned for 3 h in 10 -6 M aqueous solutions of the target ion untill the signal stabilized at a constant value, and were then conditioned for 1 h in pure water. Microchip. A PDMS microchip was made using soft lithography. To provide a high flow throughout, the width and depth of the microchannel were 1 mm and 0.5 mm, respectively. Mold preparation: the surface of a glass plate substrate was washed sequentially with acetone, ethanol, and i-propanol and dried with air; it then underwent plasma etching. The MicroChem SU-8 2100 photoresist was spin coated on a clean glass surface (500 rpm for 10 s then 1500 rpm for 25 s). After coating, the glass plate was baked at 65 C for 15 min. It was then placed in a mask-aligner, a channel mask film was applied to the coated surface, and the surface was exposed to UV-light (~400 mJ/cm 2 ) for 60 s. After exposure, the slide was placed on a hot plate at 65 C for 2 min; the temperature was then changed to 95 C for 7 min. Any unexposed photoresist was removed by washing with SU-8 developer. Any residual undeveloped resist was indicated with i-propanol and cleaned again with a fresh developer. The glass plate with the channel structure was washed with acetone-ethanol-i-propanol and dried with air.
PDMS preparation: 10 mL Silpot184 and 1 mL Silpot 184 developer were mixed thoroughly, and air bubbles were removed under an applied vacuum. Using scotch tape, basins were made around the glass plate with the channel structure and the plain glass plate. To stabilize the basins, supporting foil tape was applied around them. The glass surface was treated with fluorine coating reagent. Five milliliters of PDMS were poured into each mold. The molds were placed in a desiccator, and a vacuum was applied for at least 5 min after PDMS stabilization. After removing bubbles, molds with PDMS were placed on a hot plate at 60 -70 C for 2 h. The cured PDMS was carefully detached from the mold, using ethanol.
To prevent any unexpected adsorption of chemicals, a major problem with PDMS devices, the inner surfaces of the PDMS plates were modified with an amorphous perfluoro-polymer, CYTOP. 12, 13 The chemical structure of this cyclized perfluoropolymer, available commercially as CYTOP, is shown in Fig. 2 . The morphology of CYTOP is fully amorphous due to the ring structure in the polymer main chain. There are some variations, depending on the concentration, quality and solvent for each purpose. CYTOP of code CTX-809AP (standard molecular polymer) was selected for spin-coating on the base material that required pretreatment (PDMS). The polymer was spin-coated on the O2 plasma-pretreated PDMS surface. The 1.5 μm layer of CYTOP was dried at 130 C for 0.5 h, and then at 180 C for 1 h. To connect inlet and outlet capillaries, as well as the electrodes, to the microchip, 0.5 mm holes were drilled through the PDMS plate with microchannels. This top plate was then pressed against the bottom part (without microchannels) and bonded at 120 C under 40 kPa pressure for 2 h. Since CYTOP is a thermoplastic polymer, while PDMS is a heat-curable material, thermal-fusion bonding between CYTOP layers can be realized without deformation of the PDMS channel structures. 14 To perform an injection, an HPLC valve with a sample loop of 20 μL was connected to the chip via a fused-silica capillary (200 μm i.d., 350 μm o.d.) . The other valve capillary was connected to a pump, providing a constant flow rate though a microchip. The microchip setup with electrodes is presented in Fig. 3 . Equipment. Potentiometric measurements were performed with pH-meters, TOA DKK HM-30R. The microelectrodes were connected to them by cables, Model ELA41-1G. To pump the solvent through monolithic capillaries, and water through the microchip, we used a Nanofluidic pump (SCIVEX RS-232) and a microsyringe pump (KDS210), respectively.
results and Discussion
The micro-ISEs (Fig. 1 ) were first assembled and tested on a bulk scale. Since the composition of the background solution in the fuel cell was water, the standard concentrations were prepared by dissolving the chloride salts of target ions in pure water. The measurements were performed in a plastic beaker with magnetic stirring of the solution, and the sample volume was 10 mL. Calibration curves were constructed (Fig. 4) , and the slopes for each ion fell, with a slight constant deviation from the Nernst equation, into the range of concentrations of 10 -7 -10 -1 M. The detection limits were 1 μg/L for Na + and K + and 10 μg/L for NH4 + ions. The response times for all ions were within 25 -50 s.
Because the membranes are not fully selective toward a single analyte, but proportional to the concentration of all ions in the sample solution, the selectivity coefficients were determined with a separate solution method. The coefficients obtained for target alkali ions are presented in Table 1 . The response slopes in Fig. 4 show that the discriminated ions (ammonium and sodium for K + -ISE, and sodium for NH4 + -ISE) do not match the Nernstian responses. Therefore, the selectivity coefficients obtained from these measurements are only upper limits.
Proceeding the microchip measurements, we first studied the influence of the continuous flow rate of the sample in the microchannels on the signal (Fig. 5) . In the range of flow rates of 0 -50 μL/min, we observed the growth of the signal at lower rates. The use of flows with different concentrations of target ions revealed that growth occurred only in the low-concentration range, and there was no difference in the signal between the different flow rates at higher concentrations of the ions. The high flow rate of liquid in a microchannel provides the rapid removal of sensed ions at the membrane surface, as well as at the surface of the microchannel. Thus, the growth of the signal at low concentrations could be caused either by an unexpected adsorption of alkali ions on the surface of the microchip, or by the accumulation of ions in the aqueous Nernst diffusion layer. To confirm our assumption, and to overcome the adsorption problem, we used a surface modification with a CYTOP coating. The new results for low concentrations showed no dependency on the flow rate, proving the influence of unexpected adsorption (Fig. 5) . All subsequent measurements were performed on a microchip with a modified surface.
To realize the sampling of alkali ions, the HPLC valve was connected to the microchip and the injection of 20 μL of different concentrations of target ions in a continuous flow of pure water was studied over the range of flow rates of 10 -80 μL/min (Fig. 6 ). When a sample plug passed the ISE membrane, we could observe the signal rise, plateau and fall. The amplitude and length of the plateau depended on the flow rate (Fig. 7) . The signal amplitude remained constant in the 10 -60 μL/min flow rate range, and then decreased. The plateau length also correspondingly decreased with a rising flow rate, up to 60 μL/min. In both cases, 60 μL/min was the flow-rate limit for this microchip, and we carried out further measurements using this rule.
Calibration measurements were performed at a 20 μL/min water flow rate and 20 μL sample injection of different concentrations of alkali ions (Fig. 8) . The signals were calculated as an average of signals on the plateau. The calibration slopes for all target ions showed good linearity over a wide range of concentrations; however, perfect agreement with the Nernst equation was not reached. The LODs and response times obtained, presented in Table 2 , met the requirements listed above. However, the LODs for microchip measurements were one order higher than those for the bulk scale. The reason may be that the sample zone broadened during the microflow analysis.
More experiments with microchannel size, and shape variations, and the elimination of possible dead volume zones are required.
Conclusions
We have demonstrated new microelectrodes for the potentiometric detection of alkali ions on a microchip under conditions of continuous micro-flow. The sizes of the new electrodes enabled their introduction into microchannels, and ; kK/Na = >10 -4 kNH4/K = >10 -1
; kNH4/Na = >10 -4 Fig . 5 Influence of the flow rate on the signal without any surface modification of a microchip and with a CYTOP coating. Constant flow of Na + , 10 -9 -10 -4 M (NaCl in pure water). the use of a monolithic capillary-based ion-selective membrane provided trace-level measurements of sodium, potassium and ammonium ions. Compared with screen-printed electrodes embedded into a microchip, our microelectrodes have a size similar to an ion-selective membrane area, but they can be easily removed from one microchip and reused on another. This new type of sensor system can be successfully applied to the simultaneous determination of low concentrations of alkali ions in the fuel cell liquid. 
